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BOLOMETRIC FOCAT, PLANE ARRAY 
Background Of T he Invention 

1. Field of the Invention 

The invention relates to a bolometric focal plane array and more particularly to a 
bolometric focal plane array having an integrated signal processor for processing signals from an 
array of bolometer detectors. 



2. Discus sion of the Related Art 

Thermal radiation detectors that operate at room temperature have been known for more 
than 100 years. Recently, the availability of integrated circuit and micromachining technology 
has revived interest in this field. It is now practical to manufacture an array containing many 
thousands of these detectors along with signal processing electronics. 

A bolometer is a thermal radiation detector that operates by first absorbing incident 
electromagnetic radiation and converting the absorbed energy into heat. The resulting 
temperature change of the detector is then sensed by measuring its resistance, which is a function 
of temperature. In a large array of such detectors, it is practical to measure the resistance of only 
a few detectors at any given time without compromising the signal to noise ratio of the system. 
The signal to noise ratio is a very important parameter for practical systems. 

As a result, there remains the problem of how to implement circuitry to measure the 
resistance of many thousands, for example more than 80,000 detectors, within the size, power, 
and component restrictions placed upon an integrated circuit. The integrated circuitry must 
measure the resistance of each element of the array and format the results into a single data 
stream. The signal from each bolometer far exceeds the integrating capacity of a single 
practically sized integrated capacitor. It is therefor a motive of the invention to provide a 
bolometric focal plane array with an integrated signal processor that fits within a reasonable area, 
uses only the components available within the integrated circuit process, and dissipates a limited 
amount of power. 



Summary of The Tnvpn^ nn 
An infrared radiation detector apparatus of Ihe present invention comprises a plurality of 
bolometric infrared detectors addressed by a plurality of column lines and a plurality of row 
lines. A plurality of electronic metal oxide semiconductor (MOS) switches each connects one of 
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the plurality of bolometric infrared detectors between one of the plurality of row lines and one of 
the plurality of column lines. The plurality of bolometric infrared detectors and the plurality of 
electronic MOS switches are constructed on an integrated circuit. The bolometric infrared 
detectors may be micromachined into the integrated circuit 

In one aspect of the invention, the bolometric focal plane array of the invention comprises 
on-chip signal processing electronics and a plurality of bolometers. Each bolometer has an 
associated simulated detector. The simulated detector is used to test the on-chip electronics 
before the bolometer is created. This avoids the creation of bolometers on bad chips. The array 
is composed of 328 x 246 unit cells. Each unit cell contains a bolometer, associated electronics 
and a simulated detector. Each bolometer is accessible through a row and column scheme where 
the bolometers are found along a common column and addressed by separate row select lines. A 
row shift register selects the row and the bolometer signals are read out sequentially for each 
column. During a test mode the simulated detectors are individually accessed using a column 
shift register and a row shift register. The row shift register accesses a particular row and the 
column shift register accesses a particular column so that a particular single simulated detector 
output can be sensed. The chip has a temperature sensor to determine whether the chip has 
exceeded its operational temperature. Each column has a buffered direct injection amplifier 
providing a signal to a detector integration node capacitor. The detector integration node 
capacitor provides a signal to a comparator that receives an input from a ramp generator. 

During the operation of the invention control states are reset, and the digital ramp 
generator is held at a low value to allow the comparator to proceed to dump unit charges off the 
bolometer. Off chip there is a memory that stores the value of the counter for each row and 
column unit cell. Also off chip is a memory that stores a preset for the detector integration node 
capacitor for each row and column unit cell. Detector protection circuitry times out the circuit 
when the row select signal is not received from external sources within a predetermined time. 

Each unit cell comprises a low resistance switch, gated in response to the row select line, 
that switches a detector signal to the resistance measuring circuitry. A reset is also included. 
The array of resistance measuring circuitry has few channels compared to the number of detector 
elements, typically one circuit for each row or each column in the detector array. The control 
circuitry supplies appropriate signals to the switches and to the resistance measuring circuitry. 

Other objects, features and advantages of the present invention will become apparent to 
those skilled in the art through the description of the preferred embodiment, claims and drawings 
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herein wherein like numerals refer to like elements. 
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Brief Description Of The Dra^y in^ 

To illustrate this invention, a preferred embodiment will be described herein with 
reference to the accompanying drawings. 

Figure 1 shows a schematic block diagram of a digital offset correction apparatus as 
employed in one embodiment of the invention. 

Figure 2 shows a schematic diagram of a detector array of the invention. 

Figure 3A is a circuit schematic diagram of one portion of a microbolometer array of the 
invention showing four example detectors and detector electronics. 

Figure 3B is a circuit schematic diagram of an alternate embodiment of a portion of a 
microbolometer array of the invention showing a plurality of detectors and detector electronics. 

Figure 4 shows a circuit schematic diagram of a microbolometer focal plane array 
processing circuitry of the invention. 

Figures 5 and 6 show alternate examples of microbolometer focal plane array processing 
circuitry of the invention embodied, for example in an integrated circuit, employing a bolometer 
offset compensator. 

Figure 7 shows a alternate embodiment of a bolometer offset compensator circuit as 
contemplated by an alternate embodiment of the invention. 

Figure 8 schematically shows one example of a nonlinear compensating voltage supply as 
contemplated by an alternate embodiment of the invention. 

Figure 9 shows an example of a one bit latch used in a six bit data latch as employed in 
an alternate embodiment of the invention. 

Figure 10 shows an example of a buffered direct injection (BDI) preamplifier employing 
lateral bipolar transistors. 

Figure 1 1 shows a video processor of the invention. 

Figure 1 2 shows a schematic of an interface routine and an interfece structure for a 
command processor as employed in one embodiment of the invention. 

Figure 13 schematically shows a block diagram of one example of a thermal stabilization 
apparatus for a microbolometer focal plane array as embodied in accordance with the present 
invention. 

Figure 14 schematically shows a gain correction image correction controller as employed 
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in one embodiment of the invention. 

FIG. 15 is a schematic block diagram of an analog-to-digital converter according to the 
invention; 

FIG. 16 is a schematic block diagram of the metastability resolving circuit illustrated 
5 FIG. 15; 

FIG. 16A is a schematic block diagram of the analog waveform generator illustrated 
FIG. 15; 

FIG. 17 is a schematic block diagram of an array of analog-to-digital converters 
according to the invention; 

FIG. 18 is a schematic block diagram of the clock multiplying phase locked loop 
illustrated in FIG. 17; 

FIG. 19 is a schematic block diagram of the 90° phase shifter illustrated in FIG. 1 7; 

FIG. 20 is a schematic block diagram of an alternate embodiment of the circuit illustrated 
in FIG. 17; 

FIG. 21 is a schematic block diagram of a two phase voltage controlled oscillator and 
squaring circuit used in the circuit of FIG. 20; 

FIG. 22 is a detailed schematic circuit diagram of the voltage controlled oscillator 
illustrated in FIG. 21; 

FIG. 23 is a detailed schematic circuit diagram of the squaring circuit illustrated in FIG. 

20 21; and 

FIG. 24 is a timing diagram illustrating the temporal relationship among the least 
significant bits of the Gray code signal. 
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Detailed Descrip tion 

Figure 1 shows a schematic block diagram of a system employing the focal plane array 
and integrated signal processor of the invention. A digital offset correction apparatus in the 
system comprises a shutter/chopper controller 328 coupled to control shutter 330. It will be 
appreciated that, depending upon the particular application, a germanium or opaque chopper or 
other equivalent optical device may be substituted for the shutter 330. The shutter 330 controls 
30 radiant energy entering the system. When the shutter is open, radiant energy impinges upon 
focal plane array (FPA) 100. The chopper 330 may be synchronized with the FPA frame rate. 
FPA 100 may advantageously be comprised of an integrated microbolometer focal plane array 
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with associated control electronics. The integrated microbolometer focal plane array may be 
further comprised of pixel elements wherein each pixel element provides a signal representative 
of an amount of radiant energy absorbed by the pixel element. The FPA 100 may be operated in 
a silicon mode where the FPA 100 is not blocked by an obstruction. In the silicon mode, images 
5 may be obtained continuously. 

A timing generator 310 provides two timing signals 348 and receives two clock signals 
350 from the focal plane array 100. Timing generator 3 10 also provides timing signals to a video 
timing and defective pixel substitution controller 3 12. A gain controller 304 provides a gain 
adjust signal 333. Global image correction controller 306 provides an 8-bit signal to a video 
) interface 308. 

A video generator 3 1 6 is provided with video timing and the output of a controller 318. 
The video generator 3 1 6 may advantageously comprise a digital-to-analog converter as is known 
in the art. The controller 3 1 8 may advantageously comprise a microprocessor, such as, for 
example, a commercially available model 80C186EC type microprocessor or equivalent. A 
background processor interface 324 is provided with a program memory 322 and a data memory 
320. In one embodiment of the invention, the program memory 322 may comprise a 256K x 16 
flash memory and the data memory 320 may comprise a 128K x 16 RAM. The controller 3 1 8 
may advantageously be connected through the background processor interface 324 to write or 
read data from each memory including the gain memory 338, the offset memory 336, and the 
video memory 314. Serial communications line 340 may be coupled to provide an external 
interface for the controller 3 18. Video output data is available from the video DAC 316, frame 
data is available to an external frame grabber on line 342. Thermal stabilization of the FPA 100 
may be provided by thermal stabilizer 326. 

The controller 3 1 8 interfaces the imaging system to external systems through a host 
microcomputer. The controller 3 1 8 also generates histograms, generates brightness and 
equalization curves, controls the chopper or shutter, generates reference image frame timing, 
performs memory and system diagnostics, monitors manual controls and switches, and controls 
the TE stabilizer 326. Timing generator 310 generates the FPA 100 clocks, the system clocks, 
and required timing signals. 

Figure 2 shows a schematic diagram of the array sensor of the invention. A 
microbolometer array 1 02 comprises the radiation sensing portion of the focal plane array 100. 
In one embodiment, the array 102 may comprise over 80,000 individual microbolometers. The 
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electronic circuits associated with each microbolometer are shown in more detail in Figure 3A. 
The detector ground 126 is distributed uniformly over the array 102. The array is arranged in a 
regular grid of microbolometers, by column line 1 14, addressed individually using a dynamic 
row select register 1 04 and column circuitry 1 1 0. The array 1 02 and the array's electronics may 

5 be tested during array production. The test clock 122, test data 124, test mode enable 116, global 
test enable 128 and detector test force 1 1 8 signals provide the control signals used to test the 
array. Column processing circuitry 200 is provided for each column line 1 14 in the array. The 
column processing circuity 1 10 is shown in more detail hereinbelow. 

The array 1 02 has a distributed ground 126 and a distributed global test enable 128. The 

) array 1 02 is addressed using a dynamic row select register 1 04 and in a test mode a dynamic 
column select test register 108. In operation, column circuitry 200 addresses any particular 
column. Control 1 12 controls the operation of the column circuitry. The column circuitry can be 
disabled with disable line 1 1 9. 

Figure 3A is a circuit schematic diagram of one portion of the microbolometer array of 
the invention showing an example of four detectors and associated detector electronics. The 
microbolometer array comprises a plurality of basic unit cells including multiplexer test 
transistors. In one embodiment the microbolometer focal plane array may comprise a 328 x 246 
matrix of unit cells having 328 column circuits. The detector common ground 126 is connected 
to one side of bolometers 218A, 218B, 218C and 218D and unit cells 212A, 212B, 212C and 
212D, respectively. The bolometers are connected in parallel with test transistors 220A, 220B, 
220C and 220D. The "on" resistance of transistors 220A, 220B, 220C and 220D approximates 
that of the bolometers 218A, 218B, 218C and 218D. Thus, the test transistors can be used to 
provide a signal that emulates the bolometer signal. The emulated signal may be used to test the 
multiplexer circuitry before the bolometers are created. Such testing may result in less expensive 
manufacture because defective chips may be thus identified prior to final fabrication. Switches 
222A, 222B, 222C and 222D switch the bolometer or test transistor signal in response to row 
select lines 216A and 21 6B. In a test mode the test transistors may be activated by the global test 
enable 128 and each individual row may be selected using one of the row select lines. An output 
is available at each column circuit 200A and 200B. In a test mode, the column circuitry 200A 
and 200B is bypassed and addressed with a column multiplexer. 

Refer now to Figure 3B where a circuit schematic diagram of an alternate embodiment of 
a portion of a microbolometer array of the invention showing a plurality of detectors 321 8 and 
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detector electronics is shown. Each of the plurality of detectors 321 8 is constructed.on an upper 
level 3219 of a microbolometer focal plane array 3221 comprising an integrated circuit 
fabricated on a semiconductor chip 3223. A series of switches 3214 are constructed on a second 
level 3227 of the semiconductor chip 3223. The switches 3214 may advantageously comprise 
5 CMOS switches. The switches 3214 are connected to be activated in pairs where the switches 
are connected at a first terminal to a common bus 3210 and at a second terminal to one end of the 
detector. Row select lines 3233 operate to activate a pair of switches to select one of the 
detectors. The selected detector's output may then be sensed on a column bus 3212. For 
example, in operation, row select 2 responds to a control signal to activate a switch pair 
comprising switch 3235 and switch 3237, thereby allowing a signal from detector 3218A to be 
transmitted to the column bus 3212. Note that in this configuration the number of connections 
required to connect the column of detectors to the switching level may be advantageously 
reduced to one more than the number of detectors. 

Refer now to Figure 4 which shows one example of microbolometer array processing 
circuitry of the invention. The processing circuitry may advantageously be integrated onto a 
single integrated circuit with the focal plane array using, for example, MOS technology. A 
bidirectional vertical shift register 104 functions as the row select for the array. Row select line 
216 activates switch 222 to either select the signal from the bolometer 218 or the test transistor 
220. A global test enable 128 activates all test transistors when engaged. The column line 1 14 is 
biased by a supply 703. The column line 1 14 is sensed by a buffered direct injection (BDI) 
circuit 132 having a preamplifier stage and an output transistor stage. The integration capacitor 
180 integrates the signal on the column sense line 181. In one embodiment of the invention the 
integration capacitor may have an integration time of about 29 microseconds. Comparator 20 
compares an analog ramp signal 18 to the integrated signal on column sense line 1 81. 

The ramp generator 134, shown in more detail below, provides the comparator with an 
analog ramp signal 18. The ramp signal, in one example, may be a 34 us ramp that may 
nominally range between about 5 volts to 10 volts. The comparator 20 provides a binary signal 
to the analog-to-digital latches 150. A digital ramp signal 151 is provided from a 13 bit gray 
code counter/encoder 146. The 13 bit gray code counter/encoder 146 may operate using a 
frequency equal to 12 times the pixel clock, using four phases of the 12x_clock for 13 bit 
resolution. The digital ramp signal and the analog ramp signal are coordinated so that they start 
and end at the same time. 
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A column select line 1 13 provides the addressing for the output latches and drivers 140. 
Depending on the column selected, the output latches and drivers provide the count of the 
analog-to-digital converter latches 150, enabled by comparator 20. The output drivers 148 
provide digital data 495 to the off focal plane circuits. The digital data 495 may be clocked with 
the pixel clock. 

In the example embodiment, a bolometer offset compensator 701 is connected in parallel 
with the detector elements. It will be understood that the bolometer ofifeet compensator and its 
control circuits are replicated for each column of detectors in the array. The embodiment shown 
in Figure 4 optionally includes a nonlinear compensating voltage supply 703 coupled to load 
resistor 1 1 5. The load resistor 1 15 is connected to the bolometer offset compensator 701 . One 
embodiment of the bolometer offset compensator 701 is described in more detail below with 
reference to Figure 8. The bolometer offset compensator 701 is coupled at a first terminal to load 
resistor 1 1 5 and at a control input to data latch 744. The data latch 744 is described in more 
detail below with reference to Figure 9. Digital offset data 745 is provided to the data latch 744. 
The digital offset data represents the offset to be applied to each row and column bolometer 
signal on column line 1 14. A BDI preamplifier 1704 amplifies the offset bolometer signal for 
further processing. 

Refer now to Figure 5 which shows another alternate example of microbolometer array 
compensation circuitry of the invention employing a bolometer offset compensator 701 
connected in series with the load resistor 1 15, and the detector elements. Supplying a voltage 
bias to the bolometer offset compensator 70 1 is a low noise bias supply 1 1 7. It will be 
understood that the bolometer offset compensator and its control circuits are replicated for each 
column of detectors in the array. The alternate embodiment shown in Figure 5 optionally may 
include a nonlinear compensating voltage supply 703 coupled to one input of a BDI preamplifier 
1 704. The other elements are connected in a manner similar to that described above. 

Refer now to Figure 6 which shows another alternate example of microbolometer array 
compensation circuitry of the invention employing a nonlinear compensating voltage supply 703 
coupled to load resistor 1 15. The other elements are connected in a manner similar to that 
described above with respect to Figure 4. The operation of the nonlinear compensating voltage 
supply is explained in more detail hereinbelow. 

Now refer to Figure 7 which shows an alternate embodiment of a bolometer offset 
compensator circuit as contemplated by the present invention. As described above, each column 
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of the focal plane array is coupled to a bolometer offset compensator 701 . Thus the bolometer 
offset compensator 701 and associated circuits, designated by arrow 707, are replicated on the 
FPA integrated circuit chip for each of the M columns. The bolometer signal on column line 1 14 
is selected with row select line 216 to connect to BDI preamplifier 1704. The signal from the 
bolometer on column line 1 14 is the signal being compensated by the bolometer offset 
compensator 701. In the example shown, the bolometer offset compensator 701 comprises first 
through sixth compensating resistors, some of which are shown for illustrative purposes as 
compensating resistors 702, 704, and 708, each individually coupled to a plurality of switches 
710A, 710B and 710D. The plurality of switches are coupled and controlled by the outputs of, 
for example, a six bit data latch 744. The six bit data latch 744 is enabled by the horizontal shift 
register 106. Digital offset data 745 selects the particular resistor combination through data latch 
744. In one embodiment of the invention, the first through sixth compensating resistors may 
have values in the nominal range of 1200 ohms to 8200 ohms and are coupled to a load resistor 
1 15 of about 145 kohms, for example. The embodiments shown herein are meant by way of 
illustration, not limitation, and other equivalent values and combinations of compensating 
resistances or equivalent circuitry may be used without departing from the spirit and scope of the 
invention. In one embodiment nonlinear compensating voltage supply 703 supplies voltage to 
the bolometer offset compensator 701 . 

Now refer to Figure 8, which schematically shows one example of a nonlinear 
compensating voltage supply 703 as contemplated by an alternate embodiment of the invention. 
The nonlinear compensating voltage supply comprises a switch 750 connected to a capacitor 752 
that is connected in parallel with resistance 754. When closed, switch 750 applies a voltage, 
VNC, to amplifier 756. Amplifier 756 may advantageously comprise a unity gain amplifier 
having an output 762 through an output capacitor 758 connected in series to an output resistance 
760. Referring again to Figure 4, the output 762 may be connected to node VI or, in an alternate 
embodiment, to node V3 so as to control the BDI preamplifier. The switch 750 may 
advantageously be activated synchronously with the detector row select. As will be appreciated 
by those skilled in the art having the benefit of this disclosure, the amplifier 756 may comprise a 
unity gain inverting operational amplifier or a unity gain non-inverting operational amplifier 
depending upon the integrated circuit technology for any specific application. 

Refer now to Figure 9 which shows an example of a one bit latch 744A used in the six bit 
data latch 744. Bit latch 744A may be coupled to a level shifter circuit 725 for changing the 
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voltage level from the input to the output. The level shifter 725 may be advantageously 
configured to decrease n-channel on resistance. The circuit of Figure 9 may advantageously be 
duplicated a plurality of times for each compensating resistor. In one example where the 
bolometer offset compensator 701 employs six compensating resistors, identical data latch 
5 circuitry may advantageously be fabricated six times for each of M columns on the FPA chip. In 
a preferred embodiment, the data latch 744 comprises complementary metal oxide semiconductor 
(CMOS) transistors. 

At the input, each bit latch 744A comprises row select transistors 714, 712 configured to 
dynamically latch and select the Nth offset bit Transistor 714 is controlled by a row select 
1 0 output from the horizontal shift register 1 06. Transistor 71 6 is controlled by a NOT row select 
output from the horizontal shift register 106. Transistors 716, 722 operate as a second dynamic 
latch. Transistors 718 and 720 drive transistor 726 in response to control signals T and NOT T 
which transfer the state of the n offset bit to transistor 726 when activated. The NOT HV reset 
signal resets the output of transistor 726 while the transfer signals T and NOT T are inactive. 
15 After reset the transfer signals active and transistors 71 8 and 720 drive transistor 726. 

Transistors 728 and 730 act to drive transistor 710 in response to the output of transistor 726. At 
the output, a switching transistor 710 controls selection of a compensating resistor by shorting 
Load tap N to Load tap N+l. The plurality of switches 710A-710D comprise switching 
transistors 710 in the example above. The first latch may be biased at a first voltage Vdd for 
20 operating transistors in the range of 3X2 microns in area, while a second voltage Vda, 

substantially higher than Vdd, may be selected to operate transistor 710. Transistor 710 may 
comprise semiconductor material having an area of about 40 by 2 microns. 

Having described the elements of the bolometer offset compensator circuitry it will be 
helpful to the understanding of the invention to now describe the operation of the bolometer 
25 offset compensator circuitry. By way of further background, microbolometer focal plane arrays 
typically require electronic circuits with a very large dynamic range in order to simultaneously 
accommodate both detector nonuniformities and very low signal levels. A dynamic range in 
excess of 1 million to 1 is typical. Electronic circuit switches can meet this difficult requirement, 
especially when applicable to large focal plane arrays, and provide a significant benefit and a 
30 practical application of microbolometer technology. In the embodiment shown in Figure 7, the 
nonlinear compensating voltage supply, when employed, may preferably be an off-focal plane 
nonlinear compensating voltage supply connected to on-focal plane circuits comprising the 
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bolometer detectors, bad resistor, pre-amplifier and compensating resistors. When a voltage, 
VI, is applied, a current flows through the detector column line 1 14, load resistor 1 15 and at 
least one compensating resistor as selected by opening one or more of the plurality of switches 
71 OA - 710D. In some embodiments, load resistor 1 15 may not be required. Voltage VI is set 
5 by a BDI preamplifier 1 704 and is nominally the same voltage for each of M detector circuits. 
The current which flows into the preamplifier represents the signal current. To compensate for 
differences in detector resistance where the detector resistance may vary significantly from 
detector to detector the compensating resistors may be employed. If such compensating resistors 
are not employed, the preamplifier circuit must have a significantly increased dynamic range in 
10 order to accommodate not only the useful signal current, but also significant additional current 
resulting from detector resistance variations. 

As current is applied to the bolometer detectors, I 2 R heating (that is, heating in proportion 
to the square of the current through the resistance) raises the temperature of each detector. The 
increased temperature results in a change in detector resistance, thereby increasing the input 
15 dynamic range requirement of the BDI preamplifier 1704. The external nonlinear compensating 
voltage supply 117 senses the current change at node VI, and provides a nonlinear voltage 
precisely compensating for I*R heating induced changes in preamplifier current. In this way, the 
nonlinear voltage also reduces the dynamic range requirement of the preamplifier circuit to a 
level that may be readily achieved in an electronic circuit integrated onto the focal plane. 

Referring now to Figure 10, there shown is an example of a BDI preamplifier employing 
lateral bipolar transistors. The BDI preamplifier comprises, for example, a PNP lateral bipolar 
input stage 802, a current source load 806, a P-MOS pass transistor 804, an integration capacitor 
810 and a reset switch 808. The column line 1 14 may be connected to the PNP lateral bipolar 
input stage at a gate 801 . The gate 801 may also be coupled to a suitable voltage, VPA, where 
25 VPA may be about 10 volts. An emitter of the input stage 802 may be coupled to a second 
voltage, VB, of about 8 volts. The current source load 806 may be coupled to a collector of the 
input stage 802. The column sense line 1 81 may then be coupled to the integration capacitor 810 
where the integration capacitor 810 may be reset by reset switch 808. Reset switch 808 may also 
be implemented as a lateral bipolar transistor. Lateral bipolar transistors are discussed in more 
30 detail in an article by Holman and Connelly entitled "A Compact Low Noise Operational 
Amplifier for a 1 .2 urn Digital CMOS Technology," IEEE Journal of Solid State Circuits, Vol. 
30, No. 6, June 1995, which is incorporated herein by reference. 
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Refer now to Figure 1 1 which shows the video processor 312 of the invention. The video 
processor provides an 8-bit video signal, a 4-bit overlay signal and a bright overlay signal. The 
8-bit video signal is provided by the summation of the output of multiplexer 421 with the output 
of multiplexer 417. Multiplexer 417 computes 8-bit data from the focal plane array processing 
system with a feedback signal through multiplexer 415 to provide a 7-bit least significant bit 
bypass. The summation node 437 provides multiplexer 421 with a summed input Multiph 
421 also receives the cutout of multiplexer 419. Multiplexer 419 receives the output of the 
overlay memory 403. Defective pixel substitution is implemented by multiplexer 425 and 
multiplexer 423 with multiplexer 423 inputting 8-bits of data to multiplexer 425 which 
the output of summation node 427. Summation node 427 sums the output of multiplexer 425 as 
an input with data from the video memory 405. Defective pixel substitution processor 401 
provides the 17-bit address for the video memory where the defective pixel data is substituted. 
An 8-bit computer signal is fed to multiplexer 41 1 which also receives feedback data from 
multiplexer 409. The output of multiplexer 41 1 is multiplexed in multiplexer 409 with the eight 
most significant bits multiplexed with the eight most global bits through multiplexer 407. The 
defective pixel substitution processor 401 provides a 1 7-bit address to the overlay memory 403 
which provides data to multiplexer 419 as described above. Clipping processor 439 clips the 
output of summation node 433 which provides an overlay signal from overlay processor 43 1 and 
the output of the defective pixel substitution circuitry produced by multiplexer 425. Globally 
scaled data from the focal plane array is provided through multiplexer 407 and gain corrected 
data is provided to multiplexer 415. 

Refer now to Figure 1 2 which shows a schematic of the interface routine and the interfece 
structure for the command processor of the invention. The controller 3 1 8 has a first serial 
processor 552 and a second serial processor 554 interfaced to serial input/output (I/O) port. 

A high speed link 584 interfaces to an external processor 582. The external processor 
582 controls serial link 1-576 and serial link 0-574. High speed link 584 interfaces through 
memory by DMA channel 578 and DMA channel 580. The DMA channel 578 is a output 
channel that interfaces to link controller 568 which interfaces to link processor 556. The high 
speed link also communicates to a link command interpreter 570. The link processor 556 accepts 
data from the high speed link 584 through link controller 572 through DMA channel 580. Link 
processor 556 interfaces to the controller 3 1 8. 

FPA timing controller 510 provides frame interrupt routine 514 with tuning data. 
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Timer_2 588 provides signals for the interval timer routine 512 which schedules the. 
digital-to-analog converter requests 594. The digital-to-analog converter request command 503 
is provided to the analog-to-digital converter 5 1 1 which operates the analog-to-digital converter 
service routine 586. Temperature readings 507 are provided to TE stabilizer control 546. The 
5 TE stabilizer 326 is controlled by the TE stabilizer control 546. The TE stabilizer 326 has a TE 
stabilizer loop adjustment 548. Switches to control the device have an interface 542 which is 
scanned by switch scanner 536. The timer routine provides polling for the switch scanner as well 
as the frame interrupt routine 5 14 and the analog-to-digital request 594. Switch scanner provides 
data to the switch change list 538 which provides data to the switch command processor. The 
) chopper interrupt routine 534 receives data from the chopper shutter sensors 527. The chopper 
phase control loop 532 is controlled by the chopper routine 530. The chopper converter 526 is 
controlled by the chopper phase control loop 532. The chopper phase loop is adjusted in 534. 
The DMA memory controller 516 provides service for DMAQ 523. The DMA channel 521 
accesses the systemmemory 518. The automatic gain control routine 528 interfaces to the 
memory through the DMAQ 523 controlled by DMA controller 516. 

Now referring to Figure 13, there shown is a block diagram of one particular example of 
a thermal stabilization apparatus for a microbolometer focal plane array as embodied in 
accordance with the present invention. The apparatus comprises the microbolometer focal plane 
array 100 for providing temperature data from each of a plurality of microbolometers. As 
described above, the data from FPA 1 00 may be processed to produce a gain corrected signal 621 
from the gain/image correction controller 304 as best shown in Figure 14. The TE stabilizer loop 
adjustment 548 may comprise a means for deternuning an average signal 912 coupled to the gain 
corrected signal from the gain/image correction controller 304. The average signal determining 
means 912 comprises a feedback signal output 906. An average signal representative of the 
average temperature of the array of microbolometers, is determined from the gain corrected 
signal so as to generate a feedback signal on the feedback signal output 906. The feedback signal 
may advantageously be proportional to the average signal. The TE stabilizer control 546 may 
comprise a means for generating a temperature control signal 902 including an input for 
accepting the feedback signal output 906. The temperature control signal means 902 includes a 
temperature control output 904 for carrying a temperature control signal proportional to the 
feedback signal. A thermal stabilizer 326 is in contact with the microbolometer focal plane 
array. The thermal stabilizer 326 has an input coupled to the temperature control output and 



WO 97/08753 PCT/US96/13853 

- 14- 

responds to the temperature control signal to adjust the average temperature of the 
microbolometer focal plane array 100 as indicated by coupling 910. 

In one embodiment of the apparatus of the invention the thermal electric stabilizer 326 
may advantageously comprise a thermo-electric cooler. The means for determining an average 
5 signal 912 may advantageously comprise a microprocessor or be executed as a computer 

program carried out in the controller 3 1 8. The temperature control signal generating means 902 
may comprise a conventional power amplifier. 

In useful embodiments of the apparatus of the invention the average signal deteirmning 
means may be coupled to receive data from each microbolometer in the FPA or from a selected 
10 portion of microbolometers in the array. In this way, the method and apparatus of the invention, 
for the first time, exploits the temperature sensitivity of the FPA bolometer elements to stabilize 
the array itself at the average temperature of the bolometer elements in the array. 

In operation, the method of the invention provides a computer controlled method for 
thermal stabilization of a microbolometer focal plane array wherein each process step is 
15 implemented in response to a computer generated command. The computer controlled method 
comprises the steps of: 

A. reading out temperature data from each of a plurality of microbolometers in the 
microbolometer focal plane array; 

B. determining an average signal from the temperature data; 

20 C - generating a feedback signal where the feedback signal is proportional to the 

average signal; 

D. generating a temperature control signal proportional to the feedback signal; and 

E. stabilizing the temperature of the microbolometer focal plane array by adjusting 
the average temperature of the microbolometer focal plane array in response to the temperature 

25 control signal. 

In one embodiment, the step of stabilizing the temperature comprises the step of adjusting 
the temperature of a thermal electric stabilizer coupled to the microbolometer focal plane array. 
Temperature adjustment may be done continuously or at periodic intervals as desired and as may 
depend upon the application and operational environment. 

In one alternate embodiment of the invention using a separate temperature sensor on the 
array substrate, the TE stabilizer may keep the FPA temperature stable to within 100 
microdegrees kelvin for the following parameters: 
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sensor resistance: 5KQ <: R <; 20KQ 
temperature coeff: -2%/deg. Kelvin 
A separate temperature sensor circuit may be implemented by placing the sensor into one leg of a 
differential bridge. The two power leads to the bridge may be automatically switched so that 
differential measurements may be taken with the bridge powered both ways to cancel out any 
drift in a dc driving source. The bridge resistors have a value R, equal to the resistance of the 
sensor. To obtain an absolute temperature accurate to within 1 degree kelvin, for the temperature 
coefficient of -2%/deg. K, the value of R must be accurate to within 2%. For the given range of 
sensor resistance, there may exist N total different values for the bridge: 

1.02N = (20K/5K) 
N=log(4)/log(1.02) 
N=70 

Thus, each sensor must be measured to select the appropriate resistors for assembly. The voltage 
difference across the bridge for a driving voltage of 12 volts will be approximately 6^v for a 
100n deg. change in temperature. This voltage will then be amplified by approximately 100,000 
and sampled by an analog-to-digital converter for input to the background processor. The 
processor may be used to control the power drive circuits for the TE stabilizer. 

Now referring to Figure 1 4 which shows a schematic of a gain correction image 
correction controller as employed in one embodiment of the invention. The gain controller 304 
provides gain coefficients for the offset corrected data from the focal plane array 100. The gain 
controller 304 further compiles a histogram of the data gathered by the focal plane array 100. 

A gain/histogram/compensation memory 610 provides data including a gain 
compensation factor. The data further includes a code for defective pixels. The code provides 
information on whether a pixel is defective and may also include neighboring pixel address data. 
A defective pixel decoder 624 receives the data and determines whether a current pixel is 
defective. If the current pixel is defective, the defective pixel decoder 624 may use the 
neighboring pixel data to determine a neighboring pixel to substitute for the defective pixel. The 
defective pixel decoder 624 passes the gain compensation factor to a multiplexer 622 to multiply 
the offset signal by the gain factor. Multiplexer 622 passes the gain compensation factor with 
unity gain or as provided by defective pixel decoder 624 to a multiplier 626. The offset 
controller 302 provides offset corrected data from the focal plane array 100 to the multiplier 626. 
The multiplier 626 multiplies the offset corrected data with the appropriate gain correction factor. 
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A clamp 620 may receive the multiplied data. The clamp 620 may function as a window to pass 
a selected predetermined range of values. The gain corrected data may be provided to a display 
unit for display. 

In one preferred embodiment, the gain correction factor may comprise one bit to the left 
5 of the decimal point, and fifteen bits to the right of the decimal point. The offset corrected data 
may comprise thirteen bits to the left of the decimal point, and one bit to the right of the decimal 
point. The clamp may pass thirteen bits to the left of the decimal point and 1 bit to the right of 
the decimal point from a thirty bit multiplied data output. 

The gain corrected data may also be provided to construct a histogram. A clamp/scale 
) unit 6 1 8 receives the gain corrected data and clamps and scales the data to a predetermined scale. 
A max/min generator 616 receives the scaled data. The scaled data is also provided to a high bit 
generator 614. The high bit generator 614 adds a high bit to the scaled data. Multiplexer 612 
receives the data from the high bit generator 614 and provides the data as an address to the 
gain/histogram/compensation memory 610. 

The gain controller 304 stores a histogram in gain/histogram/compeiisation memory 610. 
Summer 606 receives a value of the address resulting from the pixel output and increments the 
value by one, as long as the value is less than a predetermined value, for example, in one 
example embodiment, 255. The summer provides the incremented value to a multiplexer 608. 
Multiplexer 608 writes the incremented value back into the gaMstogram/compensation 
memory 61 0. All pixels on the focal plane array 1 00 are scanned. 

Reference is now made to FIG. 1 5 which is an overall schematic block diagram of the 
analog-to-digital converter of the invention. Analog input signal 15, the analog signal to be 
converted, is connected to one input of an unclocked analog comparator 20. The other input of 
the comparator 20 is connected to an analog ramp signal 18. Analog waveform generator 30 
generates the analog ramp signal 18. When the analog ramp signal 18 substantially equals the 
analog input signal 15, the comparator generates output signal 21. The comparator output signal 
21 is connected to a control input of a metastability resolving circuit 35. Synchronized with the 
analog waveform generator 30 is a Gray code generator 45 that generates a digital Gray code on 
a digital Gray code bus 62. The digital Gray code bus 62 is connected to a data input of the 
metastability resolving circuit 35. The metastability resolving circuit 35 stores the states of the 
digital Gray code on bus 62 in response to an active state of the comparator output signal 21 . As 
a result, the digital output signal 47 of the metastability resolving circuit 35 is a digital 
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representation of the magnitude of the analog input signal 15 when the magnitude of the analog 
ramp signal 1 8 equals the magnitude of the analog input signal 1 5. 

Reference is now made to FIG. 16, which illustrates the metastability resolving circuit 35 
in more detail. Comparator output signal 21 is connected to the control input of an N-Bit data 
5 latch 11. N is the number of bits of resolution that the analog signal 1 5 is digitized (converted) 
into by the analog-to-digital converter. N can be any number and is typically between eight and 
sixteen for most applications. The N-bit data latch 1 1 data input is connected to the digital Gray 
code bus 62 from the Gray code generator 45. The data latched by the N-bit data latch 1 1 (which 
is a code generated by Gray code generator 45) is provided on line 17 to N-bit flip-flop 19. N-bit 
10 flip-flop 19 resolves the metastability of the system by storing the data on line 17 a 

predetermined time period after the N-bit data latch 1 1 has stored the state of the Gray code 
generator 45. The digital output 47 is provided as described above. 

Reference is now made to FIG. 1 6A, which illustrates a schematic block diagram of 
analog waveform generator 30 illustrated in FIG. 15. Operational amplifier 32 provides the 
15 analog ramp signal 1 8 by providing an output signal to integration capacitor 28. RESET signal 
19 is generated by timing circuit 33 and activates switch 28 A to discharge capacitor 28 when a 
new conversion is to be initiated. One input 21 of operational amplifier 32 in connected to a • 
RAMPBIAS signal and a second input 23 in connected to the output of a programmable current 
source 31. Programmable current source 31 is controlled by operational transconductance 
20 amplifier 27. Amplifier 27 has a first input connected to the analog ramp signal 1 8. A second 
input of amplifier 27 is connected to a ramp reference voltage RAMPREF. A third input of 
amplifier 27 is connected to the output of ramp adjust circuit 29. The starting voltage of the 
analog ramp is adjustable by changing the RAMP BIAS voltage. The slope of the analog ramp 
signal 18 is controlled by amplifier 27. By changing the output of programmable current source 
25 3 1 in response to a current signal 27A from transconductance amplifier 27, the slope of the 

analog ramp signal 18 can be changed. In response to control signal 33A from timing circuit 33, 
issued just before ramp signal 1 8 is to terminate, ramp adjust circuit 29, via control signal 29A, 
turns amplifier 27 on to sample the difference between the RAMP REF voltage and the voltage 
of analog ramp signal 18. Transconductance amplifier 27 converts this voltage difference to a 
30 current 27A that is used to control programmable current source 3 1 . After programmable current 
source 3 1 has been adjusted, timing circuit 33, via control signal 33 A, turns amplifier 27 off to 
open the feedback loop, issues RESET signal 19 to discharge capacitor 28 using switch 28 A, and 
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then opens switch 28A to begin another integration cycle. 

Reference is now made to FIG. 1 7, which is a schematic block diagram of parallel 
analog-to-digital converters 10A and 10B. Only two converters are shown for clarity; there 
could be m number of converters in an array. In one preferred embodiment there are 328 

5 converters in an array. Each analog-to-digital converter is connected to the digital Gray code bus 
62 and an output bus 57. The digital Gray code bus 62 is connected to each data input of the m 
data latches. For clarity, only the connections to data latches 24A and 24B are shown. The data 
input of each data latch is driven by the gray code generator 45. The N-bit output bus 57 is 
connected to the data output of each transfer latch (latches 26A and 26B being illustrated) and is 

) read by multiplexer readout circuit 59. 

The analog signal on line 15A, the signal to be converted, is stored by capacitor 23 A until 
sampling switch 12A is closed, thereby transferring the charge to capacitor 16A. Capacitor 16A 
integrates the analog signal 1 5A until switch 12A is opened. After a predetermined time interval 
has passed, switch 12A is opened and switch 23A is closed, thus resetting capacitor 23 A at the 
start of each conversion period. Those skilled in the art will recognize that any charge transfer 
device or circuit may be used to transfer the signal to be compared. During the read out phase 
the sampled signal 14A is compared to an analog ramp signal 1 8 by comparator 20A. When the 
sampled signal 1 4A is equal to or at some predetermined potential with respect to the analog 
ramp signal 1 8, the output 22A of the comparator 20A activates latch 24A. The output of the 
comparator 20A is connected to the enable input of latch 24A. The latch 24A, connected to 
digital Gray code bus 62, stores the state of the gray code count at the time the analog ramp 
signal 18 equals the sampled signal 14A in response to comparator output signal 22A. The 
output of latch 24A is provided to a transfer latch 26A. Output control shift register 54, 
connected to transfer latches 26A and 26B, selects the output of a particular analog-to-digital 
converter from the array of converters. The output of each transfer latch is connected to sense 
amplifier 53 via N-bit output bus 57, part of multiplexer readout circuit 59. Only one transfer 
latch is active and supplying an output to bus 57 at any one time. The output control register 54 
is synchronized with input clock 68. 

Multiplexer readout circuit 59 will now be described. One skilled in the art will 
appreciate that each of the circuit blocks in multiplexer readout circuit 59 is N-bits wide to 
accommodate the number of bits from each transfer latch. The output of sense amplifier 53 is 
connected to the input of input register 55 which is clocked by input clock 68. Input register 55 
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latches the data on N-bit output bus 57 from whichever N-bit transfer latch has been enabled by 
output control shift register 54. The output of register 55 is connected to the input of a 
metastability resolving register 36 that is also clocked by input clock 68. Metastability resolving 
register 36 is clocked so that one full clock cycle after the state of N-bit output bus 57 has been 
5 latched into input register 55, the data from input register 55 is provided to the input of 

metastability resolving register 36. Register 36 resolves the metastability of the conversion that 
may have arisen when the digital signal on bus 62 was latched by output signal 22A from analog 
comparator 20A. Circuit analysis of this latch train arrangement has indicated that the 
metastability of the system is improved by a factor of at least 2 30 by the addition of metastability 
10 resolving register 36. The output of the metastability resolving register 36 is connected to a Gray 
code decoder 38 that converts the Gray code signal to a standard binary signal. The Gray code 
decoder 38 may use an exclusive-ORing (XORing) process in which the output of each latch in 
the metastability resolving register 36 is exclusive-ORed (XORed) with an adjacent bit that has 
in turn been exclusive-ORed with another bit, and so on. The standard binary N-bit code output 
15 by Gray code decoder 38 is provided to the data input of N-bit output register 71, which latches 
the output value in response to input clock 68. The output of output register 71 is provided to N 
output drivers 73 that provide the N-bit converted binary output signal 47. 

Input clock 68 is also provided to a clock multiplying phase locked loop circuit 50 that 
generates a high speed clock 64. In one embodiment of the invention, the clock multiplier is a 
20 12x clock multiplier. In one embodiment of the invention, for example, input clock 68 is a 7 
MHZ nominal clock and clock multiplier 50 increases this by a factor of 12 to 84 MHZ. 

Gray code generator 45 will now be described. The digital Gray code on bus 62, which 
in one embodiment of the invention is an N-bit binary gray code, is generated by concatenation 
of three bit streams: a least significant bit 60, a next-to-least significant bit 58 and aN-2 bit gray 
25 code word 56. The high speed clock 64 clocks an N-2 bit synchronous binary counter 48. The 
N-2 bit synchronous counter 48 provides an output signal to an N-2 bit Gray code encoder 46. 
The Gray code encoder provides the N-2 most significant bits 56 of the digital Gray code on bus 
62. Gray code encoder 46 provides a Gray code by XORing each bit output by counter 48 with 
an adjacent output bit. 

30 The high speed clock 64 and the N-2 bit synchronous counter's least significant bit 49 is 

connected to a negative edge triggered flip-flop 44. The negative edge triggered flip-flop 44 
provides the next to least significant bit signal, LSB+1 58, as part of the digital Gray code on bus 
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62. 

The high speed clock 64 is also connected to a 90° analog phase shifter 42. The 90° phase 
shifter 42 generates the least significant bit signal, LSB 60, as part of the digital Gray code on 
bus 62 by shifting the high speed clock 64 by 90°. 
5 In one example embodiment, N is equal to 1 3 bits, synchronous counter 48 and Gray 

code encoder 46 provide the 1 1 most significant bits on Gray code bus 62. A 12th bit 
(LSB+1) is supplied by dividing a 75 (approximately) MHZ clock by two and then latching it 
with the falling edge of the 75 MHZ clock in flip-flop 44. The 13th bit (LSB) is generated by 
delaying the 75 MHZ clock by precisely 90°, K of a complete clock cycle, in closed loop phase 
10 shifter 42. This type of phase shifter is sometimes referred to as a delay locked loop. 

Reference is now made to FIG. 18, which illustrates in more detail, the clock multiplying 
phase locked loop 50 of FIG. 17. Clock multiplier 50 includes a phase detector 100 that detects a 
difference in phase between input clock 68 and a frequency divided version of high speed clock 
. 64 on line 102. The output 104 of phase detector 1 00 is used to control a frequency multiplying 
15 voltage controlled oscillator (VCO) 106. VCO 1 06 increases the frequency of input clock 68 by 
a predetermined factor. In one example, VCO 106 increases the frequency of input clock 68 by a 
factor of 12 to produce high speed clock 64. The output 1 08 of VCO 1 06 is provided to a 
"squaring" circuit 1 10. The function of squaring circuit 1 10 is to shape the output signal 1 12 so 
that high speed clock 64 has a fifty percent duty cycle, i.e., a "square" output. High speed clock 
20 64 is also provided to a divide by n circuit 1 14 that divides the frequency by a factor n so that the 
frequency of the clock signal delivered on line 102 is equal to the frequency of input clock 68. 
As discussed before, in one embodiment, if VCO 106 increases the clock frequency by a factor 
of 12, then n would be 12 so that divide by n circuit 1 14 reduces the frequency of high speed 
clock 64 by a factor of 12 before providing that signal to phase detector 100. In one 
25 embodiment, VCO 1 06 may include a ring oscillator. 

Reference is now made to FIG. 19, which FIG. is a schematic block diagram of the 90° 
analog phase shifter 42 illustrated in FIG. 17. High speed clock 64 and its complement from 
clock multiplier 50 are connected to the first and second clocking inputs of a four input exclusive 
or (XOR) gate 80. XOR gate 80 includes an output coupled to the inverting input of a high gain 
30 integrating amplifier 82. Amplifier 82 outputs a control signal 83 which is coupled to a control 
input of a voltage controlled delay circuit 78. The voltage controlled delay circuit 78 also 
receives a clocking signal from the high speed clock 64. The high gain of amplifier 82 ensures 
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that the delay is always 90° even in the presence of variations in component values and clock 
frequency. The voltage controlled delay circuit 78 outputs a delayed signal in response to the 
control signal 83 and clock 64 to a "squaring" circuit 77. Squaring circuit 77 shapes the delayed 
signal so that it is symmetrical and has a fifty percent duty cycle (i.e., a "square" output) and 
5 outputs a signal to the input of line driver invertor 75. Squaring circuit 77 is similar to squaring 
circuit 1 10, previously described. Line driver invertor 75 outputs a first line driver invertor 
signal 75A and a second line driver invertor signal 75B to third and fourth inputs of the four 
input exclusive OR gate 80. The first and second line driver invertor signals are also coupled to 
first and second inputs of a delay matching circuit 8 1 . Signals 75 A and 75B comprise a 
10 complementary delayed clock. Delay matching circuit 81 ensures that the delay experienced by 
each signal 75A and 75B is the same, so that the signals remain in the proper phase relationship 
with each other. The delay matching circuit 81 outputs LSB 60. 

Reference is now made to FIG. 20, which is a schematic block diagram of an alternate 
embodiment of the circuit of FIG. 17. In the circuit of FIG. 20, the 90° phase shifter 42 of FIG. 
15 1 7 has been eliminated. In addition, clock multiplier 50 has been modified so as to provide LSB 
60 directly. In all other respects, the operation of FIG. 20 is the same as already described in 
connection with FIG. 17. 

Reference is now made to FIG. 21, which FIG. is a schematic block diagram of the clock 
multiplier 50 of FIG. 20. In FIG. 21, as in FIG. 18, input clock 68 is provided to a phase detector 

20 1 00 that provides a control signal 1 04, in response to input clock 68 and signal 1 02, to a voltage 
controlled oscillator 120. VCO 120 also multiplies the output frequency provided on line 108 to 
squaring circuit 1 10 in order to generate high speed clock 64 on line 1 12. The output of squaring 
circuit 1 10 on line 1 12 is additionally provided to divide by n circuit 1 14 that delivers control 
signal 1 02 in the same manner as described in connection with FIG. 4. 

25 VCO 120 also provides a second output 122 that is phase shifted 90° with respect to 

output 108 and then provided to another squaring circuit 110. Squaring circuit 1 10 operates in 
the manner described in connection with FIG. 4 to provide a "square" output for the LSB 60 on 
line 124. 

Reference is now made to FIG. 22, which FIG. is a schematic diagram of VCO 120. 
30 VCO 120 provides two outputs 108, 122 that are 90° out of phase from each other. VCO 120 is a 
nng oscillator formed from an odd number of invertor stages connected in a loop. In particular, 
VCO 120 includes invertors 126, 128, 130, 132, and 134. The output of invertor 134 is 
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connected via line 136 to the input of inverter 126 in order to form the ring. If t is the time delay 
of one of the inverters and p is the number of stages in the oscillator, then the oscillation 
frequency f is: 



5 (1) f=l/(2pt) 

Changing the frequency is accomplished by changing the power supply voltage of the inverter 
chain, thus changing time t In the case of the CMOS inverter, the propagation delay increases 
as the supply voltage is decreased. 
10 The phase shift per stage in the ring oscillator is: 

(2) Phase/stage = 1 80/p 

For example, in the five stage oscillator illustrated in FIG. 22, the phase shift per stage is 36°. 
15 Thus, a tap two stages away from the main output will have a 72° phase shift, while a tap three 
stages away from the main output will have a 108° phase shift. If all of the inverters are 
identical, then a 90° phase shift is not possible. 

However, if the different inverters in the ring oscillator are not identically constructed, 
then a 90° phase shift between inverters in the ring oscillator can be obtained. In a CMOS 
20 inverter, the delay through the inverter depends upon a number of factors, including the size and 
shape of the component transistors and the amount of capacitive loading on its output. Adjusting 
any of these factors to increase the propagation delay of one of the inverters with respect to the 
remaining inverters in the ring can be used to provide the required 90° phase shift. 

In VCO 120 illustrated in FIG. 22, the propagation delay of inverter 130 is adjusted by 
25 adding two transistors 138 and 140 that are biased so as to always be in the on state. This 
increases the propagation delay through inverter 130 so that the total delay through inverters 
134, 126, and 128 is about the same as the delay through modified inverter 130 and inverter 132. 
If the delay through inverters 134, 136, and 128 is the same as the delay through modified 
inverter 130 and inverter 132, then there is exactly a 90° phase shift between outputs 108 and 
30 122. 

Reference is now made to FIG. 23, which FIG. is a schematic circuit diagram of squaring 
circuit 110 illustrated in FIGS. 18 and 21. Squaring circuit 77 in FIG. 19 also operates in the 
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same manner as squaring circuit 1 1 0. 

As illustrated in FIG. 23, the output of VCO 120 is provided to squaring circuit 110. 
Obviously, in the case of the circuit illustrated in FIG. 23, two squaring circuits are provided, one 
for each output of VCO 120. 

5 Typically, VCO 120 operates at a reduced voltage compared to the rest of the circuitry 

and therefore outputs 108 and 122 need to be translated to the higher voltage level of the rest of 
the circuits. In addition, the propagation delay generally will not be the same for the rising and 
falling edges of the output signal and therefore the output of the level translator circuit will not 
be symmetrical, i.e., have a "square" output or fifty percent duty cycle, even though the signals 
10 internal to the ring oscillator are symmetric. Circuit 1 10 thus incorporates the level translator 
into a closed loop feedback circuit that adjusts the input threshold as needed to maintain the 
symmetry of the output signal. 

The level shifter includes transistors 150 and 152, and invertors 154 and 156. Two 
current source transistors 1 58 and 1 60 are controlled by voltages VMINUS and VPLUS. The 
15 voltages VMINUS and VPLUS are supplied by current mirror 162 and control the amount of 
current delivered by the transistors 158 and 160. A feedback loop of signal 1 12 or 124 is 
provided through transistors 158, 160, transistor 164, to level shifting transistors 150 and 152. If 
the waveform of output signal 1 12 or 124 becomes asymmetrical, i.e., not "square", transistors 
158, 160 respond by changing the gate voltage on the input stage current source transistor 150 in 
20 a direction that reestablishes symmetry of the output Additionally, transistor 164, used as a 
capacitor, filters out any ripple voltage and sets the response time of the feedback loop. 

Reference is now made to FIG. 24, which is a timing diagram of the LSB 60 and LSB+1 
58. The timing diagram of FIG. 24 illustrates the operation of either the circuit of FIG. 17 or the 
circuit of FIG. 20. The high speed clock 64 transitions from low to high at time 3. The least 
25 significant bit 4 of the N-2 bit binary counter 48 transitions on the low to high transition of the 
high speed clock 64. The LSB 60, derived from the high speed clock 64, transitions high at time 
5 and low at time 9. The LSB+1 58, derived from the counter least significant bit 4, transitions 
high at time 7 and low at time 2. The N-2 most significant bits 56 of the Gray encoded signal 
transition only at time 3 while the LSB 60 and LSB+1 58 signals do not change at time 3. At 
30 times 2, 5, 7, and 9 only one of these signals changes at a time, thus meeting the Gray code 
requirement of having only a single bit change when there is a change in the count. 

One skilled in the art will appreciate that rather than using an input clock having a 
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frequency that is multiplied in order to provide a high speed clock, an external high speed clock 
could be used to control counter 48, flip-flop 44, and 90° phase shifter 42. 

One advantage of the present invention is that the Gray code least significant bit 
frequency may be equal to the frequency of the clock that is used to control the circuit This 
means that the least significant bit frequency may be equal to the maximum toggle frequency for 
the flip-flop. Conventionally, for a typical Gray code, the master clock frequency is four times 
the frequency of the least significant bit of the Gray code. In the present invention, by contrast, 
the frequency of the least significant bit of the Gray code can be equal to the clock frequency. 
Therefore, the clock frequency is only limited by the inherent frequency limitations of the clock 
counter circuitry itself. This allows for higher conversion rates then conventionally achievable. 

For a typical 2 micron CMOS process at room temperature, this frequency limit is about 
1 50 MHZ, and about 500 MHZ at 80°K. For a typical 1 micron CMOS process, this frequency 
limit is about 500 MHZ at room temperature, and may be more than 1 Ghz at 80°K. In one 
embodiment of the invention, a 72 MHZ master clock generates a Gray code with 3.5 ns 
resolution which allows a 13 bit conversion in 30 us. A 500 MHZ master clock generates a Gray 
code with 500 ps resolution, allowing a 16 bit conversion in 33 us or 12 bits in 2 us. "With 
several hundred of these converters on one chip, the total conversion rate may be on the order of 
1 00 MHZ. The estimated power is less than 50 uw per channel. As a result, the present 
invention allows the relatively slow single slope method of analog-to-digital conversion, when a 
array of such converters are used on a single chip, to provide relatively high conversion rates, 
while consuming low amounts of power. Furthermore, the simple design of single slope analog- 
to-digital converters saves power and allows integration of a large number of these converters on 
a single integrated circuit, particularly when using CMOS technology. 

A Gray code count is used as the digital signal to be stored when the comparator is 
activated because, by definition, only one bit changes for each increment of the code. Since only 
one of the Gray coded bits can be in the process of changing when the latch is enabled, only one 
of the sampled bits can exhibit metastability, and the resultant code will be uncertain by only one 
least significant bit. This is in contrast to the case when a standard binary code is used as the 
digital signal to be stored. Since more than one bit may be changing for each increment of the 
code, a number of the sampled bits can exhibit metastability. 

The use of a Gray code count also advantageously allows the metastability resolution to 
be determined at a point in the circuit where there is more time to complete it, thus reducing the 
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power and speed requirements of the circuitry. As a result, in the present invention, Ihe 
metastability resolution can be postponed until after the multiplexing of the data when the data 
rate is considerably lower than the rate at which the data is provided by each analog-to-digital 
converter. In particular, in conventional circuits, the metastability resolution might typically be 
5 provided when the binary code from a counter is clocked into the N-bit data latches. This might 
require the metastability resolution to be performed in a very short time interval at a relatively 
high clock rate. As noted, by contrast, the present invention can accomplish this function using a 
significantly lower clock rate, which reduces the power and speed requirements of the circuitry. 
For example, a 75 MHZ (approximately) clock may be used to generate the Gray code. 
10 This 75 MHZ clock is generated from a 6 MHZ (approximately) input clock. The 75 MHZ clock 
is used only for the analog-to-digital conversion; the 6 MHZ clock is used for all other functions 
of the integrated circuit. 

By using an array of 328 converters, a conversion is completed in approximately 30 
microseconds with a resolution of 13 bits. A conventional approach requires a master clock 
15 frequency of approximately 300 MHZ, which is higher than the capability of, for example, a 
conventional 2 micron CMOS process. The use of a gray code allows the metastability 
resolution to be performed at a rate of 6 MHZ on 1 3 bits rather than 300 MHZ on 328 
comparators. 

The invention also provides a method of converting the analog signals from an array of 
20 analog-to-digital converters with a high effective clock rate, and increased resolution. A 

multitude of input signals, one for each converter, are sampled and held. Signals are formed by 
integrated the current from an analog source. This signal is held constant on a capacitor for the 
duration of the conversion process. Next, an analog ramp and a digital counter are 
simultaneously started. A comparator circuit compares the voltage of the ramp with the sampled 
25 and held voltage. When the two are equal, the output of the comparator changes state and causes 
me value of the digital counter to be stored in an N bit latch. The values stored in the array of 
latches, which are a digital representation of the various input voltages, are transferred in parallel 
to another array of latches. Then a new set of conversions can be performed while the results of 
the previous conversions are multiplexed to form a digital output signal. 
30 For an array of converters, the digital counter and ramp generator are common to all 

converters. Each converter itself needs only a sample and hold, a comparator, and an array of 
digital latches. 
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The circuits of the present invention may be monolithicaUy integrated in semiconductor 
form using convention CMOS technology. 

Having thus described at least one illustrative embodiment of the invention, various 
alterations, modifications, and improvements will readily occur to those skilled in the ait Such 
alterations, modifications, and improvements are intended to be within the spirit and scope of the 
invention. Accordingly, the foregoing description is by way of example only and is not intended 
as limiting. The invention is limited only as defined in the following claims and the equivalents 
thereto. 
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CLAIMS 

1 . An infrared radiation detector apparatus comprising: 

a) a plurality of bolometric infrared detectors addressed by a plurality of column 
lines and a plurality of row lines; and 

b) a plurality of electronic metal oxide semiconductor (MOS) switches wherein at 
least one of the plurality of electronic metal oxide semiconductor (MOS) switches 
connects one of the plurality of bolometric infrared detectors between one of the 
plurality of row lines and one of the plurality of column lines, wherein the 
plurality of bolometric infrared detectors and the plurality of electronic MOS 
switches are constructed on a first region of an integrated circuit. 

2. The apparatus of claim 1 further comprising means for controlling the plurality of 
row lines and the plurality of column lines constructed on the integrated circuit in a second 
region of the integrated circuit external to the first region of the integrated circuit 

3. The apparatus of claim 1 wherein the integrated circuit comprises a first level and 
a second level, wherein the plurality of bolometric infrared detectors are arranged on the first 
level in a plurality of detector columns where each detector column comprises a number of 
detectors connected in series, and wherein the plurality of electronic MOS switches are 
constructed on a second level such that a portion of the electronic MOS switches constructed on 
the second level are connected in pairs so that one of the number of detectors is connected 
between each pair. 



4. The apparatus of claim 1 , further comprising at least one analog-to-digital 
converter constructed in the integrated circuit, wherein the at least one analog-to-digital 
converter is periodically coupled to one of the plurality of bolometric infrared detectors for 
digitizing output signals from the plurality of bolometric infrared detectors. 



5. The apparatus of claim 1 further comprising at least one signal processing circuit 
having an input connect to the plurality of bolometric infrared detectors by the plurality of 
electronic MOS switches, wherein the at least one signal processing circuit forms one or more 
composite signals representing a radiation induced signal from one or more selected detectors in 
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serial fonn. 



6. The apparatus of claim 5 wherein the at least one signal processing circuit 
comprises bipolar transistor circuitry. 



7. The apparatus of claim 5 wherein the at least one signal processing circuit 
comprises lateral bipolar circuitry. 

8. The apparatus of claim 5 wherein the at least one signal processing circuit further 
comprises an integrator connected to a signal from a selected detector for integrating the signal 
from the selected detector over a predetermined length of time. 

9. The apparatus of claim 5 further comprising a means for supplying an offset 
current coupled to the at least one signal processing circuit 

1 0. The apparatus of claim 5 wherein the at least one signal processing circuit having 
an input connected to the plurality of bolometric infrared detectors further comprises an 
integrated analog-to-digital converter. 



a means 



11. The apparatus of claim 1 wherein the integrated circuit further comprises 
for providing a band gap reference signal wherein the means for providing a band gap reference 
signal comprises bipolar transistor circuitry. 

12. The apparatus of claim 1 wherein the integrated circuit further comprises a 
temperature stabilizing means coupled to the plurality of bolometric infrared detectors to sense a 
temperature of the plurality of bolometric infrared detectors. 

13. The apparatus of claim 1 wherein the plurality of electronic metal oxide 
semiconductor (MOS) switches further comprises a row signal processing circuit, or a column 
signal processing circuit or both, wherein either the row signal processing circuit or the column 
signal processing circuit simultaneously processes an output from each detector in a selected 
column or row of the plurality of bolometric infrared detectors. 



W0 97/08753 PCT/US96/138S3 

-29- 

14. The apparatus of claim 1 further comprising a test circuit, wherein the test circuit 
is connected to the plurality of electronic metal oxide semiconductor (MOS) switches so as to 
provide simulation of a plurality of detectors in response to a test input. 

15. The apparatus of claim 1 further comprising a test circuit wherein the test circuit 
is connected to the plurality of electronic metal oxide semiconductor (MOS) switches so as to 
provide for individual access to any detector in the plurality of bolometric infrared detectors. 

1 6. The apparatus of claim 1 further comprising a detector protection circuit wherein 
the detector protection circuit prevents any detector in the plurality of bolometric infrared 
detectors from being damaged by being biased for an excessively long time. 

1 7. The apparatus of claim 1 further comprising means for sensing temperature 
representative of an infrared radiation detector apparatus temperature. 

18. A bolometric focal plane array comprising: 

a) an array of infrared sensitive bolometric detectors connected across a plurality of 
row lines and a plurality of column lines; 

b) a plurality of switches wherein each one of the plurality of switches connects one 
of the array of infrared sensitive bolometric detectors between one of the plurality 
of row lines and one of the plurality of column lines, wherein the array of infrared 
sensitive bolometric detectors and the plurality of switches are constructed on an 
integrated circuit; and 

c) column signal processor means for measuring a resistance of each bolometer, 
where the column signal processor means are integrated onto a monolithic 
semiconductor substrate with the array. 

19. The bolometric focal plane array of claim 1 8 further comprising means for 
temperature stabilizing the array to a predetermined temperature so as to keep bolometer 
response within a predetermined bandwidth. 



20. A method for processing an analog signal from a plurality of integrated 
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bolometers constructed on an integrated circuit, wherein each integrated bolometer has a signal 
that is switched to a bolometer output, the method comprising the steps of: 

a) addressing the plurality of bolometric infrared detectors by a plurality of column 
lines and a plurality of row lines; 

b) connecting one of the plurality of bolometric infrared detectors between one of the 
plurality of row lines and one of the plurality of column lines by operating a 
plurality of electronic metal oxide semiconductor (MOS) switches; and 

c) processing circuit having an input connected to the array of bolometric infrared 
detectors by the plurality of electronic MOS switches, wherein the signal 
processing circuit forms one or more composite signals representing a resistance 
of one or more selected detectors in serial form. 

21. The apparatus of claim 1 wherein the integrated circuit comprises a first level and 
a second level, wherein the plurality of bolometric infrared detectors are arranged on the first 
level and wherein the plurality of electronic MOS switches are constructed on a second level 
wherein a portion of the bolometric infrared detectors and a portion of the electronic MOS 
switches are connected such that interconnects between the first level and the second level are 
shared among bolometric detectors. 



22. The apparatus of claim 1 wherein the plurality of bolometric infrared detectors are 
interconnected so as to require fewer than two connections to the integrated circuit for operating 
each detector. 
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